INTRODUCTION
which involves a remarkable process of morphogenesis and differentiation. They are soil bacteria, abundant in almost Industrial countries are concerned by the increasing pollution all the environments where they are considered to have an of the environment with toxic heavy metals (Crine 1993) .
important ecological role, and are characterized by an abunThe most reasonable policy is to reduce their output from dant production of extracellular polysaccharide, often industrial or agricultural sources through the adoption of low referred to as slime (Dworkin and Kaiser 1993) . waste-generated technologies coupled with effective effluent Lead has been known for its toxicity for a long time. The purification processes (Fourest et al. 1994) .
presence of lead in drinking water is known to cause serious The use of microbial biomass to extract heavy metals from health problems leading to death in cases of extreme exposure effluent solutions is an area of extensive research and devel- (Niu et al. 1993) . Elevated levels of this metal can be traced opment activity (Scott and Palmer 1990) . Intact microbial to industrial discharges from a variety of sources, such as cells, living or dead, and derived microbial products, can be electric battery manufacturing, lead smelting, and mining highly efficient bioaccumulators of both soluble and paractivities (Niu et al. 1993) . Recently, the increase in lead ticulate forms of metals, especially from diluted external concontamination of the environment has been curbed by the centrations (Gadd and de Rome 1988). Potentially, any microintroduction of unleaded petrol (Volesky 1994) . organism or cell fraction that exposes negatively-charged
The objective of this research has been to examine the groups on its surface should have an affinity for metal cations potential biotechnological use of M. xanthus for removing (Ehrlich 1986) .
lead from contaminated water. Earlier investigations have shown that biosorption of heavy metal cations by micro-organisms is a rapid and reversible reaction that is not necessarily mediated by metabolic pro-
MATERIALS AND METHODS
cesses (Shumate and Strandberg 1985) . Processes using dead cell biomass can be of great interest because of the large
Micro-organism
variety and low cost of these biological materials (Brierley et The strain used in this study was M. xanthus 422 from the al. 1986; Fourest and Roux 1992; Fourest et al. 1994) .
Spanish Type Culture Collection (Burjasot, Valencia). In the present paper, the capacity of Myxococcus xanthus biomass to accumulate lead is examined. Myxococcus xanthus belongs to the Myxobacteria, a singular group within the at 28°C and shaken in an orbital shaker (Gallenkamp,
Location of lead on the bacterial cell
London, UK) at 200 rev min −1 . Cells were collected after reaching different stages of growth. Three batches were preAfter lead biosorption had taken place, wet and dry biomass pared from cultures aged 24, 48, 66 and 72 h as follows:
samples from batch 1 were fixed in 2% v/v glutaraldehyde in batch 1, cells with extracellular polysaccharide; batch 2, cells 0·1 mol l −1 sodium cacodylate (pH 7·4) for 2 h at 4°C. without extracellular polysaccharide; and batch 3, extraSubsequently, the samples were washed three times in cacocellular polysaccharide only.
dylate buffer for 10 min, dehydrated in a series of ethanol from In order to separate the extracellular polysaccharide from 30% to 100%, and in propylene oxide for 10 min, and then the cells and thereby obtain polysaccharide-free cells, the embedded in Spurr resin. Thin sections (0·25 mm) cut with a cultures at different stages of growth were centrifuged for diamond knife on a Reichert Ultracut S ultramicrotome 15 min at 4068 g. Extracellular polysaccharide-containing (Vienna, Austria) were supported on copper grids and coated supernatant fluids were decanted and stored until use. Cell in carbon. pellets were subsequently washed twice with distilled water Samples were examined with a high kilovoltage Philips CM to remove the residual polysaccharide.
200 transmission electron microscope (Eindhoven, The NetherBoth wet biomass, collected directly with no additional lands), equipped with a microanalysis system, by energy-distreatment, and dry biomass, originally wet biomass dried at persive X-ray (EDX). 120°C for 24 h and then ground with a mortar and pestle, were prepared from each batch for the subsequent experiments. The dried biomass of the three batches was stored in
RESULTS AND DISCUSSION
polyethylene tubes in a completely dry atmosphere.
The results presented below represent the means of at least five repetitions with 95-97% reproducibility. Data have only been given for unbuffered solutions to
Lead biosorption experiments
avoid complexation of the metals by other anions. According In order to determine lead biosorption values, 20 mg of the to Tobin et al. (1984) , a variation of less than 0·5 units in the dry biomass (or its equivalent of 420 mg wet weight) from pH does not affect the q values (q is mmol of metal g
the different batches were added to 50 ml of lead nitrate of biomass). In the cases studied in this work, when Pb
2+
solutions at different pH levels, adjusted with 1 mol l −1 HCl concentrations were low and the initial pH was 2, the varior 1 mol l −1 NaOH. ations in the pH were much lower than 0·5, while at higher The lead-nitrate-solution cell mixtures were shaken at 220 Pb 2+ concentrations and pH, the pH variation was close to rev min −1 on a New Brunswick (New Brunswick Scientific Co., 0·5. Inc., Edison, NJ, USA) rotary shaker at several temperatures.
The micro-organism used in this work produces a high Biomass was periodically separated from the samples by cenquantity of extracellular polysaccharide which diffuses trifugation at 4068 g for 10 min and the supernatant fluid was throughout the culture broth to produce a characteristically kept for analysis. opaque aspect. An attempt was made to compare the behaviour of the complete culture (cells plus extracellular polysaccharide) with cells deprived of excess polysaccharide. The
Lead desorption
effect of the traces that could remain attached to the cells after the separation processes is considered insignificant, given the Two different desorbent agents were used in the desorption huge amount that is usually present. processes: sodium carbonate at different concentrations (0·1, A comparative biosorption study was carried out on all the 0·2, 0·3, 0·5 and 1 mol l ). The collected sedil −1 of Pb 2+ at pH 5·5 after an incubation period of 1 h at ments were resuspended in the different agents and shaken for 28°C. The resulting lead biosorption values can be seen in 15 min at 28°C. As in the previous cases, separation of the Fig. 1 . The results show that the dry biomass of cells with supernatant fluid from the biomass was achieved through cenextracellular polysaccharide from 72 hour-old cultures was trifugation at 4068 g for 10 min. more efficient as a lead biosorbent than the other samples studied. Consequently, dry biomass from 72 h cultures was used in subsequent experiments. These results are consistent
Analysis of the lead ion solutions
with those described by Sadowski et al. (1991) working on the accumulation of lead by Streptomyces pilosus. Chemical analyses were carried out by inductively coupled plasma spectroscopy (ICP), using a Leewaks PS 1000 (Lowell, Biosorption capacity at various Pb 2+ concentrations (0·05, 0·1, 0·3, 0·4, 0·5, 0·7, 1 and 1·5 mmol l −1 ), each assayed at pH MA, USA), with a detection limit of 0·065 mg l . At all the concentrations tested, pH was found to exert an influence on biosorption which progressively increased at higher pH values. The lowest biosorption level was found at pH 2·0 with a concentration of 0·05 mmol l and Fucus vesiculosus and Ascophyllum nodosum, found that the highest yields were obtained at pH 6 and the lowest at pH 3·5). The kinetics of biosorption for the concentration of 0·7 mmol l −1 at the three different pH values assayed are shown in Fig. 2 as an example of these results. Additionally, at Pb 2+ concentrations of 0·3 and 0·4 mmol l −1 , biosorption values of 92·88% and 85·55% of the Pb 2+ initially present were obtained, corresponding to 62·16 and 82·88 mg of lead ml −1 , respectively. Shumate et al. (1978) observed similar results with respect to uranium whose biosorption by Saccharomyces cerevisiae, at initial concentrations of 10 to 100 mg of uranium ml −1 , was found to be as high as 90%. Nevertheless, the present experiments have shown that at concentrations of 1 mmol l −1 and above, the percentage of eliminated Pb 2+ , compared to the initial total, was less than 36·06% (Fig. 3) .This result is to be expected and will now be discussed.
The biosorption of lead by dry M. xanthus biomass was not found to be affected in any way by the different temperatures of 4°, 20°, 28°and 37°C in which the experiments were carried out, and it can therefore be concluded that this is a non-temperature-dependent process. Similar results were -all sites are energetically equivalent; -there is no interaction between ions adsorbed on neighbouring sites.
These results indicate that lead accumulation by M. xanthus is a chemical, equilibrated and saturatable mechanism. Thus, providing that the binding sites are not saturated, an increase in biosorption is commensurate with an increase in metal concentration. However, at a determined concentration where optimal conditions had been reached, the binding sites on the biomass became saturated. Fourest and Roux (1992) working on the biosorption of heavy metal by fungal mycelial by-product, and Holan and Volesky (1994) working on the g −1 of biomass, led to the belief that M. xanthus biomass, especially in the case of dry biomass, is a good biosorbent compared to the biomass from other micro-organisms such found by Horikoshi et al. (1981) and by Ben Omar et al.
as Rhizopus arrhizus (Tobin et al. 1984) , P. chrysogenum (Niu (1996) working on the biosorption of uranium by actinomyces et al. 1993), A. nodosum cross-linked with bis-(-ethenyl) and S. cerevisiae, respectively. sulfone, or Galaxaura marginata (Volesky 1994) , having According to our results, Pb 2+ biosorption by dry M. xanbiosorption values of 0·50, 0·56, 1·21 and 1·21 mmol g −1 of thus biomass was dependent firstly on culture age, secondly biomass, respectively. on the concentration of Pb 2+ in the initial solution and thirdly, The results of desorption of the Pb 2+ ion using sodium on pH.
carbonate and sodium citrate demonstrate that sodium citrate Figure 4 shows the isotherms for which the biosorption (0·2 mol l −1 ), enabling the recovery of 92·17% of the biodata for the Pb 2+ ion in equilibrium (q) were plotted against sorbed lead (Fig. 5) , was a highly efficient desorbent. the final metal concentration (C f ) in the solution. Sorption Samples of wet and dry biomass from 72 hour-old cultures, isotherms represent the distribution equilibrium of metal ions which had previously been in contact with a solution of 0·5 between the aqueous and solid phases when the concentration increases. These curves fit the Langmuir model. The basic assumptions on which the model is based (Ruthven 1984) are:
-metal ions are chemically adsorbed at a fixed number of well-defined sites; -each site can hold one sorbate ion; for commercial use of natural products for metal recovery. In mmol l −1 of lead at pH 5·5 for 1 h, were prepared as described In conclusion, in addition to providing information on lead 
